Abstract: Many people in African countries lack access to sufficient electricity supply due to missing infrastructure of the centralized conventional power generation system. In order to provide electricity to a wider part of the population, it is necessary to exploit the vast renewable resources in African countries. Therefore, this paper scrutinizes the economic advantages of photovoltaic-based hybrid systems over fossil fuel-based power generation. A simulation model is applied in order to calculate the cost advantage of hybrid systems compared to diesel-only systems for the entire continent on a long term basis by applying two scenarios: one based on world market diesel prices and the other one based on national diesel prices. The results indicate that average power generation costs per country can be reduced by up to 0.11 €/kWh considering world market diesel prices and by up to 0.48 €/kWh considering national diesel prices. Furthermore, the effect of diesel fuel subsidies and taxes on the renewable energy potential and the respective savings are examined. These findings may ameliorate the policy development according to fossil fuel subsidies and taxes and demonstrate the advantages of decentralized renewable hybrid systems especially in rural areas of Africa.
Introduction
The African energy sector faces outstandingly high power generation costs [1] . The intensive use of oil-based power generation, such as diesel generators, is one of the reasons. Apart from being one of the most expensive means to generate electricity, production costs are highly unpredictable due to rapidly-fluctuating fuel prices. Most African countries, therefore, spend significant parts of their GDP on subsidizing electricity prices and fossil fuel prices in order to enable access to electricity to a wider part of the population [2] . Nevertheless, more than 590 million people find themselves without electricity access; its provision consequently remains a major challenge [3] (Figure 1 ).
Figure 1.
Access to electricity indicated in percent of the population [4] [5] [6] . The majority of countries in sub-Saharan Africa are characterized by low access to electricity.
For the large number of people living in places without grid connection or where an extension of the transmission grid is not feasible or planned in near future, the conventional approach to provide electricity is the usage of decentralized diesel generators. Yet, this reinforces the dependency on fossil fuels and forces governments to spend scarce budgets for pre-tax and post-tax fuel or electricity subsidies. With the rising price competitiveness of renewable energy (RE) technologies, decentralized renewable off-grid solutions present a viable alternative, especially in rural areas [7] . In particular, hybrid systems consisting of photovoltaic (PV) modules, battery storage, and back-up diesel generators are of great interest, since they make use of the high solar power potential in Africa [8] and can be integrated into the preexisting infrastructure of small diesel grids [9] . Until now, only few studies were carried out addressing this issue [10, 11] . Ahlborg and Hammar [10] identified drivers and barriers for off-grid electrification in Tanzania and Mozambique. They found that among the main barriers are lack of private investment, subsidies favoring fossil technologies, and low income of rural households. Szabó et al. [11] found that in 2011 decentralized PV electricity was at the margin to become cost competitive with diesel and even grid power supply.
However, for a broader integration of renewable energies fossil fuel subsidies are obstructive. As high upfront payments are necessary for renewable technologies, hybrid systems cannot compete with conventional systems under subsidized fuel prices on a short-term basis. Furthermore, a recent study from the International Monetary Fund demonstrated that in sub-Saharan countries petroleum products profit from the highest subsidies compared to other fossil fuels, although a removal of this subsides would lead to fiscal, environmental and welfare gains [12] . Generating knowledge in these areas will, therefore, ameliorate the policy development and demonstrate the advantages of decentralized renewable hybrid systems, especially for rural areas of Africa. The presented study is based on a conference paper contributed to the AfricaPVSEC 2014.
Materials and Methods
The purpose of this study is to quantify the techno-economic potential for decentralized PV power for the African continent by comparing the power generation costs of decentralized diesel-based systems to PV-based hybrid systems. Due to the generic character of this study decentralized power generation is assumed for each location in Africa. Certainly, this is partly not reflecting the reality as a central power generation infrastructure is in place in many countries and centralized power generation presents the most-cost effective electrification and energy supply option in many areas [11] . Nevertheless, the African continent is predestined for studying the potential for decentralized power generation with renewable energies as literally "thousands" of diesel-based mini-grids are in place with largely high power generation costs [13, 14] . Furthermore, the low developed central power infrastructure, vast distances, and sparse population are decreasing the cost-effectiveness of central power generation systems and favor small decentralized energy systems. Furthermore, decentralized renewable systems can largely contribute to rural electrification. The International Energy Agency (IEA) assumes that, globally, new electrification has to be provided by 40% through decentralized mini-grids till 2030 [15] .
Applied Scenarios
Two scenarios were applied for this study (Table 1) : Scenario I is based on the world market diesel price and Scenario II on respective national diesel prices. The scenarios were chosen in order to study the distorting effect fuel taxes and subsidies have on the economic feasibility of a PV-based hybrid system. Naturally, high fuel subsidies pushing local diesel prices down well below the world market level render the renewable system unprofitable for the end user. On the other hand, seen from the national economy standpoint, it is very reasonable to export oil (or import less oil) for the world market price instead of paying for the subsidies. Fuel taxes are reflected as well in Scenario II showing the influence on the diesel systems and the increased competitiveness of PV-hybrid systems compared to higher fuel prices. 
Scenario

Characteristics of scenario
Scenario I World market base price of 0.58 €/L are applied for all countries in order to derive the theoretical market potential for solar powered hybrid systems. Scenario II National retail prices are applied in order to study the impact of diesel fuel taxes and subsidies.
Spatial Analysis
As a first step, spatial analyses were conducted in order to define reference points necessary for deriving site-specific input parameters in a later step. Therefore, a raster grid was created which covers the entire African continent by applying geospatial software. This raster grid is composed of more than 12,000 pixels, with a pixel size of 0.45° × 0.45°. Each pixel's centroid was used as single reference point for the latter analysis, reflecting the site-specific solar irradiation and diesel costs. In order to assess the specific potential for PV power generation at each of the considered locations values for global horizontal irradiation (GHI) were obtained from global datasets comprised of historical GHI data provided by NASA [16] . The conversion from GHI into PV yield is based on a model developed by Huld et al. [17] and considers crystalline silicon photovoltaic modules. Parameters affecting module performance are temperature and irradiation. Furthermore, it is assumed that modules are optimally tilted. A degradation rate of 0.3% per year is applied and an additional reduction of the generated power of 3% is assumed reflecting negative impacts e.g. clouding and pollution. Combining the aforementioned models leads to an individual PV yield in hourly time steps for each of the reference points. Local diesel costs were assessed deriving the necessary travel time to reach each reference point from a dataset provided by the European Commission [18] . The time value is converted into a cost value according to an adjusted formula of Szabo et al. [11] . Finally, a database was established comprised of the reference points and filled with the site-specific input parameters per reference point.
Energy System Modelling
Secondly, an energy system modelling tool developed at the RLI was applied in order to study the economic feasibility of decentralized PV systems compared to diesel systems. The general approach of the model and relevant results have been published in [19] . This model is able to simulate an energy system in hourly time steps over one reference year regarding the fossil and solar resources, as well as technical, economic, and load data to define the most economical configuration of RE-based hybrid systems. It describes energy flows between system components and their resulting costs ( Figure 2 ).
Within the energy simulation model capital and operational expenditures for each component, as well as local fuel costs, are considered. Diesel generator capital expenditures were set to zero, assuming that the diesel power generation infrastructure is already in place. The cost data form the baseline for calculating the system's overall levelized cost of electricity (LCOE) [20] (Equations (1) and (2)) for one reference year. The results provide the cost-optimized system configurations for a project period of 20 years. 
Equation (2): Capital recovery factor (CRF). CRF is set according to weighted average cost of capital (WACC) and project lifetime (N). Two energy supply options are considered: a diesel system consisting of diesel generators only and a hybrid system consisting of crystalline-silicon PV modules, lead-acid battery storage systems, and a diesel generator ( Figure 2 ). For diesel generators no capital expenditures are applied as we assume that diesel generators are already in place and are extended by renewable energies. The configuration of the components in the hybrid system is optimized in order to minimize the LCOE. For every time step of the simulated period the load has to be fully covered. In a first step, renewables feed into the network. Two cases may then occur: either a power surplus exists, which can be stored by the battery or a lack of power has to be filled first by a battery discharge and/or by diesel power. A spinning reserve of 10% of the current load has to be provided in every time step. This spinning reserve can be seen as the needed amount of grid-forming devices within the system to meet all stability criteria (e.g., frequency stabilization, voltage stabilization, short circuit power). The spinning reserve can either be supplied by the battery, if its state of charge is sufficient, or by the diesel generator, in order to guarantee the stability of the system. If not enough spinning reserve is provided, additional power has to be generated by the generator leading to power surpluses. Additionally, due to maintenance reasons, diesel generators have a minimal loading which is reflected in the model as a minimal operation of 20% of the maximal load of the entire year which can also lead to power surpluses. In a last step, generated power surpluses may release the discharge or even charge the battery, respectively (Figure 3) . The simulation model was fed with the site-specific input parameters derived from the spatial analysis supplemented by the general input parameters for each reference point (Table 2) . Resource data are comprised by the diesel base price, diesel transport costs, diesel price increase, and PV yield. For assessing the local diesel price transport costs, as defined in the spatial analysis, were added to the average diesel world market price of 2013 of 0.58 €/L [21] in Scenario I, or the respective national diesel prices [22, 23] in Scenario II (Table A1) . On the national basis, diesel fuel costs were researched individually and, in some cases, it was necessary to estimate diesel fuel costs as no reliable sources were available. Generally, national diesel costs refer to retail prices rather than to pump prices for diesel. An annual diesel price increase of 3% is applied and, for the simulation model, the average diesel costs over the project period of 20 years were used. Finally, the PV yield as described in the spatial analysis was applied.
All technologies (PV power plant, diesel generator, and battery system) are characterized by CAPEX, OPEX, life time, and conversion efficiency. The OPEX are reflected as a percentage of the CAPEX for PV and as fixed values per kWh for diesel generator and battery system. The battery system is, furthermore, described by its round cycle efficiency and maximal depth of discharge. For this study the technological parameters of lead-acid batteries were applied [24] . A typical load curve was assumed for all locations in order to estimate the energy demand ( Figure 4) . The selected load curve shows a maximum load more than three times higher than the minimum load, including a significant peak load in the evening hours. This load curve was derived from a real load curve of a Tanzanian village and reflects the energy demand profile of a typical rural settlement, the focus object of the analysis [25] . The load curve reflects the primary use of electricity for lighting purposes and small residential appliances. This daily load curve was converted to a yearly load curve by repeating it 365 times. [25] . This daily load curve was converted to a yearly load curve by repeating it 365 times.
Results of Spatial Analysis and Energy System Simulation
The results reveal a high potential for decentralized PV power in both scenarios. If world market diesel prices of 0.58 €/L [21] are assumed as base prices (Scenario I), the RE-based hybrid system outperforms the diesel-only system nearly all over the African continent ( Figure 5 ). Only locations which are easily accessible or show below average global horizontal irradiation bear little potential for LCOE reduction through the implementation of PV-battery-diesel systems. In contrast, remote areas with high global horizontal irradiation (prime example Sahara) show a very high potential. The maximum LCOE reductions stand at 0.43 €/kWh. Scenario II, in which national diesel fuel retail prices were assumed as base prices [22, 23] , outlines the influence of national fuel taxes and subsidies on the potential for decentralized PV power ( Figure 6 ). LCOE reductions increase significantly in countries with high national diesel prices (e.g., Central African Republic, Chad, Zambia), demonstrating peak LCOE reductions of approx. 1.24 €/kWh. In contrast, countries with high subsidies, such as Algeria, Libya, and Egypt, achieve almost no LCOE reductions at all. The same effect is observed less distinctively in countries such as Angola or Sudan. A study by Szabó et al. (2013) compared diesel to PV costs and shows similar results [26] . Nearly the same geographical area where solar PV is favored is identified in our work. One difference is that we find that PV is competitive in large parts of Angola, Nigeria, and Sudan. Furthermore, we find a lower LCOE reduction potential of 1.25 €/kWh compared to 2.5 €/kWh. When assuming world market diesel prices, the RE share in the majority of hybrid system covers a range of 35% to 40% (Figure 7) . Nevertheless, higher RE shares of more than 90% are possible in very remote areas where transport costs increase fuel costs above a critical cost level. In Scenario II three types of energy systems are observed (Figure 8 ): systems with no RE shares in countries with subsidized diesel prices, energy systems with RE shares of 35% to 40% in countries with diesel prices within world market diesel price range, and systems with high shares of above 90% in countries where the diesel price exceeds a critical price level due to taxes.
The above-stated findings are confirmed when looking at the five highest ranked countries in terms of LCOE reduction for both scenarios (Tables 3 and 4 ). More country-specific results are provided in Tables A2 and A3 . Average RE shares in the hybrid system for the top five5 countries in Scenario I do not exceed 55%, whereas the average RE share lays above 90% for Scenario II. In summary, RE-based hybrid systems can significantly decrease power generation costs in the considered top five countries.
Thus, the results demonstrate the specific regions in Africa that are most suitable for further implementation of renewable-based hybrid systems. 
Sensitivity Analysis
A sensitivity analysis was conducted to investigate the critical price level of diesel fuel costs for implementing PV. Two locations are selected for the example, Tamanrasset (Algeria) and Lubango (Angola). Both locations are chosen because the RE share in the optimal system differs distinctly between the two scenarios for these locations (∆ = 40%), since high diesel subsidies are in place in both countries. Within the analysis the diesel fuel price was increased in 5 ct€/L steps from 0.05 €/L to 1.50 €/L and its impact on the PV share and LCOE reduction for the optimized hybrid systems was analyzed. The results show the impact of fossil fuel price changes in steps of 5 ct€/L on the optimal hybrid system and the corresponding RE share ( Figure 9 ) and LCOE ( Figure 10 Three distinct sectors are visible: below about 0.30 €/L the diesel-only system is the most economical way of producing electricity. Between 0.30 €/L and 1.15 €/L the PV-diesel-system is more cost-effective than diesel alone. These findings correspond to a study conducted for a remote location in Algeria where a diesel threshold of 0.34 €/L was identified for implementation of a PV-diesel plant. [27] . The maximal RE-share that can be reached in such a system is limited to below 50%, since the load at night necessarily has to be satisfied by the diesel generator. Finally, with costs above 1.15 € for a liter of diesel PV plus batteries become cost competitive and maximal RE-shares well above 90% are possible since the battery allows a shift to energy produced by PV during daytime into the evening hours with maximum demand. The transitions from sector to sector are governed not by the diesel price alone but rather by the relative costs for diesel compared to PV and batteries. Consequently, further cost reductions that can be expected, especially in the storage sector, will shift the critical diesel price levels to lower values. Figure 9 . Influence of diesel price increase on RE share (%) on the optimal hybrid system configuration and performance. Figure 10 . Influence of diesel price increase on LCOE (€/kWh) and the savings potential of the optimal hybrid system (with and without batteries) with respect to the pure diesel system. Circles indicate the transition points where PV and batteries become cost-competitive.
For the cost parameters assumed in this study we compare the results of the sensitivity analysis to the findings for the two diesel price scenarios. For Tamanrasset (Algeria) the subsidies are so high and the resulting local diesel price so low that the diesel-only system is, in fact, the favorable means of producing electricity. This is a clear example where fossil fuel subsidies are a main obstacle for the proliferation of renewable energies. For Lubango (Angola) the subsidies are not as dominant and introducing PV to the system does generate cost advantages. However, these advantages are reduced by the subsidies lowering the attractiveness of implementing PV.
The price difference between the national diesel prices and the world market price reflects the high opportunity costs which are currently lost due to fuel subsidization. However, even a diesel price at world market levels of around 0.60 €/L does not enable high shares of RE power, since PV-diesel systems without battery are the most cost effective systems for these price levels. This will change only if the costs for batteries can be significantly reduced in the future or diesel prices increase on world market level. In opposition to the subsidies, the taxes on fossil fuels favor the deployment of renewable systems and even make systems with RE shares higher than 90% economically viable. The range of RE shares underlines the influence of governments by setting subsidy or tax levels of fossil fuels.
Discussion and Conclusions
Several key findings can be derived from focusing on the effect of diesel costs on PV-based hybrid systems. In order to enable hybrid systems with high RE shares, diesel fuel costs must surpass a threshold of 1.15 €/L under fixed PV Capex of 1600 €/kW and battery CAPEX of 350 €/kWh. High diesel fuel costs allow for the implementation of batteries which shift solar power towards the evening hours and facilitate the supply of the evening demand peak with RE power. In other words, the substitution of significant amounts of diesel power generation and, thus, fuel savings results in a high LCOE reduction for high fuel prices.
Under the chosen conditions, hybrid systems comprised of only PV modules and a diesel generator with RE shares of around 40% displayed the most cost effective energy system option within the wide range of diesel prices of 0.30 €/L to 1.10 €/L. Hybrid systems cannot compete with diesel-only systems below this range. However, considering current world market diesel prices of 0.58 €/L, which are most likely to increase in the future, diesel prices of 0.30 €/L are only possible with fuel subsidization. These subsidies reflect a strong economic burden for the countries, either by direct payments for diesel-importing countries or by the occurring opportunity costs for diesel-exporting countries. In a following study, the influence of PV CAPEX, battery CAPEX, and changes in WACC on LCOE should be studied aside from changes in diesel fuel costs. This would allow for incorporating the dynamic cost developments of renewable technologies and would enable to characterize the costs thresholds more in detail. With decreasing PV and battery CAPEX it is expected that the diesel fuel price threshold will further decrease.
In a further study it is necessary to compare the economic feasibility of hybrid systems with grid power supply and power grid extension. The costs for grid extension could be incorporated into a least-cost optimization model taking key criteria such as grid extension costs, geographical barriers, and energy demand into account.
The study showed that hybridization of diesel-based off-grid systems with PV and storage systems can lead to a significant electricity cost reduction. Especially when considering Figures 1 and 6 , it becomes clear that solar-based hybrid systems can contribute to the further facilitation of electricity access in countries with very low access rates to electric energy. Politicians should use subsidies and taxes to direct the implementation of decentralized systems towards cost-effective and environmental friendly PV-hybrid systems.
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